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IUWZ)H¥X[PYZ_IWd\XcHlHJ TJHX[ZQVgiJ\ZQVd\JIgiVUWPYZ_ ` J\_hJ\eQJIH]TYJ\_  SP_bSP^J\ZcVI
d\J\VbV,Jo_,S)gªSV,PYTPY_U&V,PYX[Z _,S)g ` J\_%ZXQJ\S ` _%X[S[JIgiV,_lVgnX[PY_U[gi\V,J\_X[S ]TS_%]*J\SV%])U[g¶©X[PY_U[H\TYPYXcgiJIg TRU§cPYV,J\_b_,J ` J
d\X^Zc[JIgn{[J\Zd\J[¢
fU^g_,X[Sd\P ` Jd\X[Zd\PY_,PYX[Z;[_bP'9:
J\_,VSZldF)U[H] ` Jd\X[ZQVg,UWPYZQV,J\_IX[Z ` \_,PY{[ZJIg,U])U[g 9 .: J\V 9 .2.: _,J\_hgiJ ` )ZPYV,PYX[Z_
gnJ\_,])J\d\V,PY[J\_])U[gTYJ\_ T{^XcgiPYV,F)HJ\_%q¢stJ\Voq¢Ru[ Qd\J\_%d\X[ZcVg,UWPYZcVbJ\__,JIgnX[ZcV Z)UWV,S)giJ\TYTYJIHJ\ZQVoUW_,_,XQd\PY\J\_ogiJ\_,])J\d\VbP^J
H¥J\ZcVhUWSetJ\Z_,JIHMwTJ\_ ` J]*X[PYZcVb_ 3;:ª%3 .: J\V 3 .2.: ¢Q«ZQ)Z;[X^Z ` \_,PY{[ZJIgbU%Z)UWV,S)gnJ\TTYJIHJ\ZQVh])U^g  
&  .
   .2.
   Q  .
J\V  .2. TYJ\_ZXcHMw)giJ\_ ` J%])X[PYZQV,_J\V ` U[gn\V,J\_4d\Xcg,giJ\_,]*X[Z ` UWZQV,_I¢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u v 3 u<3 uIz uIz u2
s su s= u<3WK u<3[q uqWK uIq^q
q s[s sWK 2[v z= vu v^q
K uIr uIr s[s s[s s[s s^s
2 uIv uIr K2 Kcz } }
 Yu  NQVUWV,PY_,V,P  SJ\_ gnJ\TU&V,PY[J\_TRUlgiJ ` )ZPYV,PYX[ZDx
W ` J%TRUd\X[ZQVg,U&PZQV,J[¢
¨ J\_!VbJIH]_ ` J§dIUWTYd\ST4Z\d\J\_,_UWPRgiJ\_M_,S)gMSZJ<_,VUWV,PYX[Z1f f  v===§_bX[ZcVMV,X[S_MPZQ©IgiPYJ\S)gi_lSZJ§_,J\d\X[Z ` J[¢
 X[Zd\JIgiZ)UWZQV
TJ\_VgiPRUWZ{^STU&V,PYX[Z_ ` J  J\TRUWSZ)Ua ` J\_;J\ZQ[J\TYX[]])J\_d\X[ZQ[J\ecJ\_     . J\V  .2. ` \_,PY{[ZJ\ZQVTYJ\_ZXcHMw)giJ\_
` JVgiPRUWZ{^TJ\_4d\X[Z_bVgiSPYV,_giJ\_,]*J\d\V,PY[JIHJ\ZQVh])X^S)g  X[Zc < 3': @\4X^Zc < 3.: @>J\V X[Zc < 3 .2.: @\¢ <ZZX[VbJ  TYJ%ZXcHMw)giJ\_
` ¤U[gi\V,J\_ ` JhTRU d\X[ZQVg,UWPYZQV,JPYZPYV,PRUWTYJ-9 : U&w_,J\ZcVbJ\_ ` J>TRUVgnPU&Z{[STRUWV,PYX[Z ` J  J\TRUWSZ)Ua ` J 4X^Zc < 3 : @;d\J\V,V,J  S)UWZcVbPVb
Z;J\_,Vl])UW_l])gn\_,J\ZcVb\J])X[S)gtTYJ\_<VgnPU&Z{[STRUWV,PYX[Z ` J\_§ZcS)UW{^J\_ ` J ]*X[PYZcV,_§UW_,_,XQd\PY\_ UWSed\X[ZQVg,UWPYZQV,J\_lgiJ ` )ZPYJ\_I
]SPY_  S;J\TYTYJoWUWSVUWTYXcgi_4V,X^SIj,X[S)gn_P=¢¨
J\_dIU&Td\STY_ ` J ` \{cg,U ` U&V,PYX[Z ` J\_ VgiPRUWZ{[TYJ\_4_,X[ZQV4JJ\d\V,S\_J\ZSVbPTYPY_UWZQVTRU
©Xcg,HMSTYJ_,SPYUWZQV,J 
   4
	  i 
X  i     J\V 	 ` \_,PY{[ZJ\ZQV giJ\_b])J\d\V,PY[JIHJ\ZQVTYJ1gbUIa^X[Z ` Sld\JIgid\TYJPYZ_,dIgnPV[TRU%TYX[Z{[SJ\S)g>HlUWeQPRHlUWTYJ ` J_,J\_4U[gi\V,J\_J\V
SZJd\X[Z_,VUWZcVbJ dFX[PY_,PYJ ` JV,J\TYTJ%_bXcgiV,J  S;SZ§VgiPRUWZ{[TYJ  SPYTRUWV,IgbUWT)_,X^PV ` J ` \{cg,U ` U&V,PYX[ZSZPVbW¢PYZ_,P ` )ZPYJ[
TRU ` \{cg,U ` U&V,PYX[Z ` SZ VgiPRUWZ{[TYJ!UW]])U^giV,PYJ\ZcV%  c ' " i)J\V%TX[Z ` \_,PY{[ZJIg,Ut])U[g# .  .    .  .2.  .2. J\V  .2.gnJ\_,])J\d\V,PY[JIH¥J\ZcV4TRUlHJ\PYTYTYJ\S)giJ[)TRU]TYS_%HlUWSWUWPY_,J%J\V4TU§HXWa[J\ZZJ ` J\_VgiPRUWZ{^STU&V,PYX[Z_I¢
¨ J\_ UP{^S)giJ\_!s2 7PB \;s[z 7PB J\Vos3 7PB ])gi\_,J\ZQV,J\ZcV%VgiX[PY_%J\ecJIH¥]TJ\_ ` JldF)U[H]_ ` Jld\X[ZQªVg,UWPYZcVbJ\_IgnJ\_,])J\d\V,P¤
^JIHJ\ZcV<9 I 9 8 J\V 9    SPZJ_,X[ZQV])UW_ ©XcgiV,JIHJ\ZQV J\TRUWSZ)Ua^U ` HPY_,_,PYwTYJ\_1gnJ\TU&V,PY[JIHJ\ZQV1UWSeJ\Z_bJIHowTYJ\_ ` J]*X[PYZcVb_PYZPYV,PRUWSe

d\XcHlHJ%TYJ<HX^ZcVgnJ\ZcV4TYJ\_%_,X[S_i){^S)giJ\_ 7PYPB \¢ ])giG\_%giJ ` )ZPYV,PYX[Z_%])U[g TYJ\_ ` J\Se UWTY{[XcgiPYV,F)H¥J\_I
TYJ\_VgiPRUWZ{^STU&V,PYX[Z_ ` J\_J\Zc[J\TYX[]]*J\_d\X[Zc^J\ecJ\_ ` J\_ZX[S[JIU&SeZQS)UW{[J\_ ` J§])X^PZQV,_d\X[Z_,VgiSPY_,J\ZcV%TYJ\_ZX[S[J\TYTYJ\_
d\X^ZcVgbUWPYZcV,J\_Id\J  SP;UW_b_,S)giJSZJ_UWV,PY_i©ªUWd\V,PYX[Z_,PRH]TYJ ` J\_4d\X[ZQVg,UWPYZQV,J\_PYZPYV,PRUWTYJ\_I¢(T
J\_,V>VgiG\_>d\TU&Pg  SJTYJ\_gi\_,ST¤
VUWV,_X[wV,J\ZQS_])U[g TYJ\_ ` J\SeUWTY{[XcgnPVbF)HJ\_ ` P	
GIgiJ\ZcV%ZX^VUWwTYJIHJ\ZQV ` UWZ_%dF)U  SJdIUW_I¢
fU[gU&PTYTYJ\S)gi_IwPYJ\Z  S;PT
U&PV\V,%\VU&wTP  SJ0' c°\°\®  
.ZJo_bX[PYV])UW_Z\d\J\_,_U&PgnJo])X^S)gTYJ\_ZXcJ\S ` _X[S[JIgiVb_IQX[Z [X^PVPYd\P  SJoTRU§_,PRH]TYJ
 Ñ;ÕLiÉ,Ë#L GIËC¶Ë#CiÈ4Ð¶ÕFDÉ,ÊÖªÐ>È IbÕFD7ÖªÐ KGWÐ   Ñ OQP-KO >
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  .  .  .   .  .2.  .2.  .2.  .2.u r q s3 u[ =u u\K)s s 2WK s2 u[ =Çu u K)s sv[r
s q[q u<2 q^q[r u[ =[z u<2u 2Kcv s2^v u[ =^z * w  0 c   c w   0 c  q qWK uIq u=[z u[ =[r sWK)v qRu<= u<2^s u[ = 2  w 0 c   w  0 c  
K q= s q[z u[ =WK zWK)Ru vz[z q[z u[ =&K z&K)Ru vz[z
2 s3 v vu u[ =[s q[zK qr[s } } } }
'Y
s  NQVUWV,PY_,V,P  SJ\_giJ\TRUWV,PY[J\_UWSe J\TRUWSZ)Ua[ªVgiPRUWZ{[STRUWV,PYX[Z_ ` J\_J\Z_,JIHMwTYJ\_ ` Jo]*X[PYZcV,_¢
PYZQV,JIg ` PYd\V,PYX[Z ` J_bX[ZlJIH]TYX[P
UWSelZXQJ\S ` _ ` J%HX[PYZ_ ` JVgnX[PY_ U[gi\VbJ\_h])J\SV4])U[g©X[PY_>d\X[Z ` SPRgiJ1 ` J1H¥J\PTYTYJ\S)gi_gn
_bSTVUWV,_  SJd\J\Se ` JT TY{[XcgnPVbF)HJq¢sÇWJ\ZlV,JIg,HJ\_ ` JZXcHMw)giJ ` J ])X[PYZQV,_4dIgi\\_ EUWwTYJIUWS u  \¢[«Z<gnJ\UWZdFJ[[_,P
TX^Zld\X[Z_,P ` GIgiJTRU  S)UWTYPVb ` J\_4VgiPRUWZ{[STRUWV,PYX[Z_d\X^Z_,VgiSPYV,J\_I©Xcgid\J4J\_,V ` Jd\X^Z_,VUWV,JIg  SJd\J ` JIgnZPJIg4UWTY{[XQgiPYV,F)HJ
d\X^Z ` SPV ` J¡VgiJ\_§HlUWSU&P_§gi\_,STYVUWV,_ EU&wTJIU&S s% \¢4J\VbV,J ` JIgiZPYGIgiJgiJIHlU[g  SJHIgiPYV,J d\J\])J\Z ` UWZQV ` \VgiJ
ZQS)UWZd\\J[ ` UWZ_hTRUHJ\_,S)giJ XlTYJdFX[PYe ` JTRU ` PY_,VUWZd\J;j ` S ¨ JIHlHJq¢KoZ;Ux])UW_h\V, ` P_bd\SV,[Q_U%WUWTYJ\S)g UacU&ZcV
\Vb!U[giwPYVgbUWPRgiJIHJ\ZQV4)ec\JltTRUHX[V,PY ` Jj :¢
fU[g4d\X^Z_,  SJ\ZQVI ` PYZ\cPYVU&wTJ\_%dFXQd\_ ` JoVUWPYTYTYJl_,J])giX ` SPY_,J\ZcV
SZJ ` \V,JIg,HPYZ)UWV,PYX[ZM]TYS_h)ZJ ` JjMU[H\TYPYXcgiJIg,U&PVg,UWPY_,JIHMwTRUWwTYJIHJIHMVTJ\_4gi\_,STYVUWVb_I¢H( T)J\_,VJ\ZQ)Z§%giJIHlU[g  SJIg\
UPY{[S)giJ<s^z  SJlTYXcgi_  S;SZ¡{cgbUWZ ` ZXcHMw)giJ ` U^gi\V,J\_d\X[Zc^JIgi{[J\ZQVJ\ZSZDHIH¥J!d\J\ZQVgiJ ` JlZXQJ\S ` X[S[JIgiV)TYJ\_
PYV,IgbUWV,PYX[Z_4_,Sd\d\J\_,_,PY[J\_ ` J , 
®  ²W°(7®7'V,J\Z ` J\ZQVgiJ\])giX ` SPRgiJ%TYJ!HX[VbP©X[wV,J\ZQS<J\Z SZJ%_,J\STYJ!UW]]TYPYdIUWV,PYX[Z ` J
' Q°\°\® 
.
Qd\J  SPJ\ec]TYP  SJM])X[S)g  SX[P
T TY{[XcgiPYV,F)HJ%q¢Ru^[J\_,V ` U&Z_d\J%dIUW_TYJ%]TYS_1gbUW]P ` J[¢
¨Uod\X^ZcVgbUWPYZcV,J<9 
  U;PY{[S)giJ%s[v% #J\_,V4X[wV,J\ZQSJ])U[g ` PY_,dIgi\V,PY_U&V,PYX[Z ` SZ U[gnd_,PRH]TYJ%d\X[Z_,V,PYV,S)U&ZcVTRUM©ªgiX[ZQV,PYGIgiJ
` SZJ%])U[giV,PYJo ` J\Sed\XcH¥])X[_U&ZcV,J\_4d\X[ZZJ\eQJ\_ ` J&5 7 8 ¢)¨;U¥VgiPRUWZ{[STRUWV,PYX[Z ` JMTJ\Zc^J\TX^]])Jod\X^Zc[J\eQJ ` J\_]*X[PYZcV,_
` J 3
Z;J\_,V4])UW_>©XcgiV,JIHJ\ZQV  J\TRUWSZ)Ua^U ` HPY_,_,PYwTYJ[¢¨U[gnd ` PY_,dIgi\VbP_b%\VUWZQVh_,PRH]TYJ[TRUd\X[ZQVg,U&PZQV,JZJd\X[ZQV,PYJ\ZcV
` X^Zdh])UW_ ` J4ZXcJ\S ` J\VTJ\_ ` J\SeUWTY{[XcgiPYV,F)H¥J\_UWw)X^SV,PY_,_,J\ZQV])U[g_,SPYV,J4UWSlHIHJ gn\_,STYVUWVII _U[X[PRg
SZJ4ZX[S^J\TTYJ
d\X^ZcVgbUWPYZcV,J ©XcgnV,JIHJ\ZQV  J\TRUWSZ)Ua[U ` HPY_,_,PYwTYJ[¢
¨ J ` JIgiZPYJIgJ\ecJIH¥]TJ ])giX[])X^_,hJ\_,Vd\X^Z_,V,PYV,S4])U[gTUd\X^ZcVgbUWPYZcV,J 9 WUP{^S)giJs[r  SPcd\XcH¥])XcgiVbJ ` J\SeoZXQJ\S ` _
©JIg,H\_¢c£ ZJ%d\X[ZcVg,UWPYZcVbJ 9.   ^©XQgiV,JIHJ\ZQV  J\TRUWSZ)Ua^U ` HPY_,_,PYwTYJ[QJ\_,V4VgiX[S[\J])U[g>T T{^XcgiPYV,F)HJ%q¢sQUWTYXcgi_  SJ
T TY{[XcgiPYV,F)H¥J1q¢Âu[[Z;J\_bV])UW_gi\]SV,%d\X[ZQ[JIgi{^J\ZcV>])X[S)g ` J%VbJ\T_ dIUW_I¢
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V'W/XAY*s2  «#ecJIH]TYJ ` JogiJ ` )ZPYV,PYX[Z 1W ` SZdF)U^H] ` JMd\X[ZQVg,UWPYZQV,J\_I¢0P ;
QTU¥d\X[ZcVg,UWPYZcVbJ 9 U&_,_,XQd\P\Jo
3  PPB \'7PYPYPB J\V&7PY  ;
cVgiPRUWZ{[STRUWV,PYX[Z_ ` Jo J\TRUWSZ)Ua<giJ\_,]*J\d\V,PY[J\_ ` Jo4X^Zc < 3  @ )4X[ZQ < 3 . @4J\V4X[ZQ < 3 .2. @\¢
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V'W/XAY*s[z  «#ecJIH]TYJ ` JogiJ ` )ZPYV,PYX[Z 1W ` SZdF)U^H] ` JMd\X[ZQVg,UWPYZQV,J\_I¢0P ;
QTU¥d\X[ZcVg,UWPYZcVbJ 9 8 U&_,_,XQd\P\Jo3 8 PPB \'7PYPYPB J\V&7PY  ;
cVgiPRUWZ{[STRUWV,PYX[Z_ ` Jo J\TRUWSZ)Ua<giJ\_,]*J\d\V,PY[J\_ ` Jo4X^Zc < 3 8 @ )4X[ZQ < 3 .8 @4J\V4X[ZQ < 3 .2.8 @\¢
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V'W/XAY*s3  «#ecJIH]TYJ ` JogiJ ` )ZPYV,PYX[Z 1W ` SZdF)U^H] ` JMd\X[ZQVg,UWPYZQV,J\_I¢0P ;
QTU¥d\X[ZcVg,UWPYZcVbJ 9  U&_,_,XQd\P\Jo
3  PPB \'7PYPYPB J\V&7PY  ;
cVgiPRUWZ{[STRUWV,PYX[Z_ ` Jo J\TRUWSZ)Ua<giJ\_,]*J\d\V,PY[J\_ ` Jo4X^Zc < 3  @ )4X[ZQ < 3 . @4J\V4X[ZQ < 3 .2. @\¢
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P 
7PYP 
7PYPYPB 
V'W/XAY>s[v  «eQJIH]TYJ ` J giJ ` )ZPYV,PYX[Z tW ` SZJ§d\X[ZQVg,UWPYZQV,J ` J§©ªgiX[ZQV,PYGIgiJ[¢ 7PB ;
 UgnX[ZcVbPGIgnJ ` J\WUWZcV\VgnJgnJ\])J\d\V,\J['7PYPB J\V 7PYPYPB '
VgiPRUWZ{[STRUWV,PYX[Z_ ` J! J\TRUWSZ)Ua ` Jo X[Zc < 3  @4J\V4X[ZQ < 3 . @\¢
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Unit é de recherche INRIA Rhône-Alpes, 655, avenue de l’Europe, 38330 MONTBONNOT ST MARTIN
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